Abstract: A coupled hygromechanical model for finite-element analyses of structures made of cementitious materials such as concrete or plaster is formulated within the framework of thermomechanics of partially saturated porous media. A multisurface elastoplasticdamage model, formulated in the space of plastic effective stresses, is employed to describe the nonlinear pre-and postfailure material behavior of concrete, taking the degradation of stiffness as well as the growth of inelastic strains as a consequence of the opening of microcracks into account. From relating stress and strain quantities defined on the mesolevel to respective homogenized quantities on the macrolevel, the hygromechanical coupling coefficients are identified. The effect of cracking on the isothermal liquid permeability is also accounted for. As a representative example, a two-dimensional simulation of a base restrained concrete wall subjected to both uniform drying and to rewetting at the foundation is described in the paper.
Introduction
The accumulation of damage caused by external loading in conjunction with environmentally induced deterioration is a major limiting factor for the lifetime of structures made of cementitious materials such as concrete or plaster. Recent progress in computational durability mechanics ͑Leung et al. 2000; Coussy and Ulm 2001; deBorst et al. 2001͒ opens the perspective to obtain not only estimates for the lifetime of concrete structures but also better insight into the degradation mechanisms as a result of the interaction between loading and environmentally induced deterioration processes. In nanoporous cementitious materials such as concrete, saturation-dependent internal stresses, acting on the nano-and microscale ͑see Fig. 1͒ develop as a consequence of molecular adsorption and capillary condensation. They may lead to severe cracking in concrete structures when the material strength is exhausted. In this paper, a finite-element model is proposed which accounts for the coupled effects of moisture and external loading on the integrity of new and existing structures made of concrete or other cement-based materials. Drying creep ͑Pickett 1942; Bažant and Xi 1994͒, shrinkage-induced cracks ͑Alvaredo 1994; Colina and Acker 2000͒ and the dependence of shrinkage, strength, and stiffness of concrete on the moisture content ͑Bessey and Dilnot 1949 ; Wittmann 1968; Pihlajavaara 1974͒ are examples for such coupling effects between moisture transport and the constitutive behavior of cementitious materials. In turn, cracks promote the transport of moisture and render concrete structures even more vulnerable to external aggressive agents ͑Bažant and Raftshol 1982͒. The present paper focuses on drying shrinkage and swelling without including creep effects.
Thermodynamics of deformable porous media based on the Biot-Coussy theory ͑Biot 1941; Coussy 1995͒ provides a suitable framework for the homogenization of microscopic or submicroscopic quantities to describe coupled hygromechanical mechanisms and damage on a macroscopic level. Within this framework, a nonlinear poroelastic model was employed in Coussy et al. ͑1998͒ for the modeling of drying shrinkage of concrete structures. The capability of poroplasticity for the modeling of the nonlinear hygromechanical behavior of porous materials was demonstrated in Fauchet et al. ͑1991͒ in the context of numerical analyses of concrete and masonry dams, using the concept of plastic porosity for the representation of cracks. In recent extensions of the Biot-Coussy theory, damage mechanics ͑Bary et al. 2000; Burlion et al. 2000; Carmeliet and van den Abeele 2000͒ and the viscous behavior of brittle materials ͑Carmeliet 1998͒ were taken into account. Expressions for the macroscopic hygromechanical coupling coefficients have been suggested in Coussy ͑1995͒ and Cheng ͑1997͒ on the basis of micro-macrorelations. Experimental procedures for the determination of the Biot coefficient in damaged materials ͑Shao 1998; Bary et al. 2000͒ indicate a strong dependence of the Biot coefficient on the growth of microcracks. The dependence of the Biot coefficient on the accumulation of damage is taken into account in models recently proposed by Shao ͑1998͒; Lydzba and Shao ͑2000; Carmeliet, unpublished, 2000͒. For saturated porous media, the concept of plastic effective stress has been introduced at a macroscopic level as the thermodynamic force associated with the plastic strain of the skeleton ͑Coussy 1995͒. Recently, this concept has been extended to partially saturated materials by Burlion et ͑2001͒. In this reference, the influences of moisture and shrinkage-induced microcracking on the strength of concrete were also investigated numerically. The influence of damage on shrinkage deformations was recently addressed in Benboudjema et al.
͑2001͒.
A state-of-the-art review on the transport properties of cracked and sound concrete, including both experimental investigations as well as mathematical models is contained in Breysse and Gérard ͑1997͒. More recent test results were reported in Aldea et al. ͑1999͒ and Oshita and Tanabe ͑2000͒. The test results indicate a significant increase of the liquid permeability with increasing crack width. Regarding the influence of discrete cracks on the liquid permeability, a relatively large number of formulations exists for the modeling of the coupled mechanical and hydraulic behavior of fractured rock masses. The formulations proposed in Snow ͑1969͒ and Barton et al. ͑1985͒ for discrete rock joints are employed in the present paper within a homogenized ͑smeared crack͒ approach for the modeling of moisture transport within cracked cement-based materials. The homogenization of diffusive and advective fluid transport in cracked porous materials has recently been also addressed by Dormieux and Lemarchand ͑2001͒.
In the ''Poroplastic Damage Model'' section of this paper, a coupled poroplastic damage model for two-dimensional finiteelement analyses of structures made of cementitious materials is formulated within the framework of thermomechanics of porous media according to Biot ͑1941͒ and Coussy ͑1995͒. Cracks are associated with anisotropic stiffness degradation as well as with inelastic deformations. The macroscopic concept of plastic effective stress allows for the description of shrinkage-induced cracks and the dependence of the material strength on the moisture content. Interactions between the diffusion process and the opening of cracks are considered on a macroscopic level of observation in the ''Moisture Transport'' section of this paper. Based on the model proposed by Snow ͑1969͒, the permeability tensor is decomposed into a portion related to the liquid transport through the partially saturated pore space and one related to the moisture flux within a crack. In the continuum framework of the proposed model, the moisture flow through discrete fracture zones is represented by means of a crack width dependent permeability tensor, obtained from homogenization of plane Poiseuille flow in the direction of the crack. Two laboratory experiments are used to calibrate the missing model parameter. In the ''Numerical Solution'' section of this paper, aspects of the numerical solution of the two-field problem are addressed. The applicability of the proposed coupled model is demonstrated in the ''Numerical Example:...'' section by means of numerical analyses of a concrete wall, restrained at the base by a nonshrinking foundation, subjected to drying and subsequent rewetting.
Poroplastic Damage Model
The material behavior of concrete and other cementitious materials is described on a macroscopic level within the framework of the theory of porous media. In the model, according to Biot's theory, the material is assumed to consist of two portions: The matrix material ͑subscript s͒-a mixture of cement paste and the aggregates-and the pores, which are partially saturated by liquid water ͑subscript ᐉ͒ and an ideal mixture of water vapor and dry air ͑subscript g͒. Complex interaction effects on the nano-and microlevels between physically bonded and capillary water, respectively, and the matrix material, such as van der Waals forces, disjoining pressure and capillary forces ͑Israelachvili 1997͒ are represented phenomenologically by employing a macroscopic capillary-pressure relation ͑Bear and Bachmat 1991͒. The different levels of observation ranging from the macro-to the nanolevel are illustrated in Fig. 1 .
Full coupling between moisture transport and the mechanical behavior of concrete is taken into account. Hence, moisture movement may initiate cracks ͑e.g., in restrained drying processes͒, and, in turn, cracks strongly affect the permeability of the material.
State Equations
Deformations are assumed to be small and consist of elastic and inelastic portions, i.e.,
with ϭlinearized strain tensor. The function of free energy ⌿ defining the poroplastic damage behavior of cementitious materials is characterized by the dependence on external and internal variables
whereby the strain tensor and the liquid mass content variation m ᐉ ϭexternal variables. The tensor of plastic strains p , the nonrecoverable portion of the porosity occupied by the liquid phase ᐉ p , the undrained degrading fourth-order stiffness tensor C u and ␣ R and ␣ DP characterizing the inelastic pre-and postfailure behavior of concrete in tension ͑subscript R͒ and compression ͑sub-script DP)ϭinternal variables. From the entropy inequality, the state equations are obtained as
where ϭstress tensor; p ᐉ ϭliquid pressure; ᐉ ϭmass density of the liquid phase; and q R and q DP ϭthermodynamic forces conjugate to ␣ R and ␣ DP , respectively. Inserting Eq. ͑3͒ into the Clausius-Duhem inequality gives the intrinsic dissipation as where D u ϭC u Ϫ1 ϭundrained compliance tensor. Differentiation of Eqs. ͑3͒ 1 and ͑3͒ 2 yields
Using standard notations of poroplasticity ͑Coussy 1995͒ and expressing the stresses in terms of the liquid pressure p ᐉ instead of the liquid mass content variation m ᐉ , the differential form of the state equations can be formulated as
where C denotes the drained stiffness tensor. The tensor ⌼(p ᐉ ,dC) accounts for the coupling between damage evolution and the liquid pressure. Considering the Maxwell symmetries with regard to a free energy Ŵ defined in terms of e , p ᐉ , and C ͓see Coussy ͑1995͔͒ and using the identification of b in the subsection entitled ''Hygromechanical Coupling Coefficients,'' this coupling term is identified as
with ⌸(p ᐉ )ϭ͐ p 0 p ᐉ S ᐉ (p ᐉ )dp ᐉ ; K s ϭbulk modulus of the matrix material; and S ᐉ ϭliquid saturation. The hygromechanical coupling coefficients b and MϭBiot coefficient and the isotropic Biot modulus and 1ϭsecond-order unit tensor. Coupling between damage growth and the change of the liquid pressure is described by the tensor ⌶. Expressions for the coupling coefficients b, M, and ⌶ are derived in the subsection entitled ''Hygromechanical Coupling Coefficients.'' The macroscopic capillary pressure p c is defined as the difference of the averaged pressures of the gaseous phase and the liquid phase as
Provided that there is thermodynamic equilibrium between the mixture of water vapor and dry air and the external atmosphere, it is often assumed that the gaseous phase is at constant atmospheric pressure, taken as zero p g ϭ0 ͑Bear and Bachmat 1991͒. Therefore, for the sake of simplicity, the capillary pressure is expressed as p c ϭϪp ᐉ in what follows.
Anisotropic Elastoplastic Damage Model
The constitutive behavior of biaxially loaded plain concrete ͑or other cementitious materials͒ is modeled within the framework of multisurface damage-plasticity theory ͑Meschke et al. 1998a͒
͑see Fig. 2͒ . Cracking is represented numerically on the basis of the smeared crack concept ͑Rots and Blaauwendraad 1989͒. Anisotropic degradation of stiffness as well as inelastic deformations as a consequence of the opening of microcracks is accounted for. The ductile behavior of plain concrete subjected to predominantly compressive loading is phenomenologically described by means of an isotropic hardening plasticity model. In the model, both mechanisms are controlled by two threshold functions defining a region of admissible stress states in the space of plastic effective
The index kϭ1 stands for an active cracking mechanism associated with the damage function f R (Ј,q R ) and kϭ2 represents an active hardening/softening mechanism in compression associated with the loading function f DP (Ј,q DP ). In Eq. ͑11͒, the stress tensor Јϭϩb p p ᐉ 1 represents the macroscopic counterpart to matrix-related microstresses with the coefficient b p as the plastic counterpart of the Biot coefficient b in analogy to the plastic effective stress tensor introduced in Coussy ͑1995͒. In Grasberger and Meschke ͑2001͒, an expression for b p is derived by comparing stress quantities defined on the mesolevel and the respective homogenized quantities on the macrolevel as b p ϭS ᐉ , and verified by means of experimental data. To account for the brittle material behavior of concrete in tension, the maximum principal stress ͑Rankine͒ criterion is used. After crack initiation, the residual stresses are gradually decreasing. Considering plane stress conditions, the damage surface is defined as
with f tu as the uniaxial tensile strength of concrete. The ductile behavior of concrete subjected to compressive loading is described by a hardening/softening Drucker-Prager plasticity model. The yield function is defined as
with f cy ϭuniaxial elastic limit and and
The material parameters DP and ␤ DP are adjusted according to the ratio between the uniaxial and the biaxial strength of concrete, 
together with the loading/unloading conditions
The parameter 0р␤р1 allows a simple partitioning of effects associated with inelastic deformations due to the crack-induced misalignment of the asperities of the crack surfaces, resulting in an increase of inelastic strains p , and deterioration of the microstructure, resulting in an increase of the compliance moduli D u . It should be noted that the present model can be extended to account for anisotropic strength degradation in addition to anisotropic stiffness degradation, see Meschke et al. ͑1998b͒ . For mainly proportional loading, however, the proposed model seems to be sufficiently realistic. An elastoplastic model (Ḋ u ϭ0, p 0) and a damage model (Ḋ u 0, p ϭ0) are recovered as special cases by setting ␤ϭ0 and ␤ϭ1, respectively.
Hygromechanical Coupling Coefficients
From relating stress and strain quantities defined on the mesolevel to respective homogenized quantities on the macrolevel, the coupling coefficients appearing in Eqs. ͑7͒ and ͑8͒ are identified in this subsection. It provides a physical background to these quantities and allows for a simple determination of the Biot coefficient b and the Biot modulus M, following partially an unpublished work ͑Carmeliet, unpublished, 2000͒. In this work, an isotropic model was used, an anisotropic model is employed in the present derivation. Moreover, using the evolution Eq. ͑16͒, upper and lower bounds for the coefficient b p are derived. The incremental volumetric macroscopic stress dϭtr d/3 expressed in terms of the incremental solid matrix stress d s and of the incremental liquid pressure dp ᐉ yields dϭ͑1Ϫ ͒d s Ϫ ᐉ dp ᐉ
ᐉ ϭpart of the porosity that is filled with liquid water. Considering linearized kinematic relations, the matrix dilatation can be related to the macroscopic dilatation and to the porosity ͑Coussy 1995͒
where 0 ϭinitial porosity of the material and s ϭvolume dilatation of the matrix. From Eq. ͑20͒, the variation of the porosity d with respect to the current configuration is related to the ϪS ᐉ dp ᐉ
To express the variation of the porosity d in terms of macroscopic quantities, the mass conservation
and the incremental constitutive equation of the liquid phase dp
are used. Differentiation of Eq. ͑24͒ and using the approximation Ӷ1 results in
Solving the macroscopic state Eq. ͑8͒ for dm ᐉ / ᐉ and inserting the result into Eq. ͑26͒ yields
where the assumption S ᐉ ϭS ᐉ (p ᐉ ) was used. From inserting Eq. ͑27͒ into Eq. ͑23͒ follows
Comparing the first term on the right-hand side of Eq. ͑28͒ with the volumetric part of the first term of state Eq. ͑7͒ results in an expression for the Biot coefficient b
which includes expressions proposed for fully saturated, undamaged porous media ͑Biot and Willis 1957͒, for partially saturated media with incompressible matrix ͑Bishop 1959͒ and for isotropically damaging materials ͑Carmeliet, unpublished, 2000͒, respectively, as special cases. In contrast to Biot and Willis ͑1957͒
and Bishop ͑1959͒, in the present formulation, b is defined within the context of the differential constitutive relation ͑7͒ and not within a total formulation. From a comparison of the respective second terms, an expression for the Biot modulus M is obtained as
see also Lewis and Schrefler ͑1998͒ for a similar formulation. The third and fourth terms of Eqs. ͑28͒ and ͑7͒, which are associated with damage mechanisms, result in relations between the damage evolution in the matrix material and on the macroscopic level, respectively:
The first term on the left-hand side of Eq. ͑31͒ represents the damage-induced reduction of the matrix stresses and the second term represents the variation of the capillary pressure resulting from increasing damage. Both terms on the right-hand side represent the damage-induced decrease of macroscopic stresses. The first terms on both sides of Eq. ͑31͒ are independent from the degree of saturation S ᐉ (p c ), while the second terms depend on S ᐉ . Since Eq. ͑31͒ must hold also for dry states ͑i.e., for nonsaturated media͒, it follows that
From Eq. ͑33͒, an expression for ⌶ can be determined. As will be shown in a more detailed evaluation of the relevance of this coupling term in a followup publication, this coefficient can be neglected. Hence, in the present implementation of the model, this term is disregarded. The last three terms on the right-hand side of Eq. ͑28͒ have no counterpart on the macroscopic level. Hence, they are set to zero
Inserting the evolution Eq. ͑16͒ into Eq. ͑34͒ yields
From Eq. ͑35͒, a lower and an upper bound for the plastic counterpart of the Biot coefficient b p follows
This condition is satisfied by b p ϭS ᐉ when ␤Ͻ1Ϫ.
Capillary-Pressure Relation
Recalling the identification of the hygromechanical coupling coefficients in the last subsection, the derivative of the liquid saturation S ᐉ with respect to p c remains to be defined. Since a direct experimental determination is difficult ͑Helmig 1997͒, an indirect determination of the S ᐉ -p c relation by using the desorption isotherm is generally employed. In the sorption experiment, the relative humidity h is controlled while the moisture content within the sample is measured. Applying Kelvin's law to relate changes in relative humidity to changes of the capillary pressure yields an expression for the missing capillary pressure curve ͓see Coussy et al. ͑1998͒ and Carmeliet and van den Abeele ͑2000͔͒. Based upon the pore network model of Mualem ͑1976͒, a relation between the capillary pressure and the liquid saturation is proposed in van Genuchten ͑1980͒ in the form
For concrete, the reference pressure p r and the coefficient m are specified in Baroghel-Bouny et al. ͑1999͒ on the basis of experiments as p r ϭ18.6237 N/mm 2 and mϭ0.4396, respectively.
Moisture Transport Nonlinear Diffusion Theory
For the modeling of drying processes in cementitious materials, a nonlinear diffusion approach is used, in which the different moisture transport mechanisms in liquid and vapor forms are represented by means of a single macroscopic moisture-dependent diffusivity ͑Bažant and Najjar 1971; Alvaredo 1994͒. According to this simplified model, the moisture flux q is related to the spatial gradient of the capillary pressure ٌp c
with the tensor of isothermal liquid permeability
kϭintrinsic isothermal permeability tensor; k r (S ᐉ )ϭrelative permeability; and ᐉ ϭviscosity of water. An analytical expression for the relative permeability depending on the liquid saturation was suggested by van Genuchten ͑1980͒ for soils as
whereby the coefficient mϭ0.4396 is the same as in the previous subsection ''Capillary-Pressure Relation.'' The applicability of Eq. ͑40͒ for the modeling of moisture transport in unsaturated portland cement concrete is demonstrated in Savage and Janssen ͑1997͒.
Hygromechanical Couplings
The moisture transport properties of concrete are strongly affected by changes of the microstructure ͑Bažant and Raftshol 1982; Breysse and Gérard 1997͒. In particular, the permeability depends on the pore volume, which changes with the deformation of the structure, and on the opening of cracks.
Influence of the Porosity on the Permeability
The relationship between permeability and the pore structure of hardening cement paste at early ages was investigated experimentally in Nyame and Illston ͑1981͒. Fig. 3 illustrates the dependence of the permeability k related to the change of porosity during hydration of the cement paste. According to this diagram, the permeability k can be related to the porosity as follows
where Ϫ 0 denotes the change of porosity due to elastic as well as plastic deformations. Including Eq. ͑41͒ in the expression for the isothermal liquid permeability Eq. ͑39͒ leads to the modi-
Influence of Cracking on the Permeability
The increase of permeability due to the change of porosity is insufficient when cracking of concrete is to be considered. The influence of cracks on the moisture transport is significantly larger compared to the effect of elastic and inelastic change of porosity.
Starting from an idealized crack formation, assumed to be planar, parallel, and of constant opening width w c , it is possible to estimate the moisture flux along one single crack from the solution of 
where w c and w h ϭnominal and the equivalent hydraulic crack width in m and the parameter R describes the roughness of the crack. This modified cubic flow law is based on the evaluation of test data in the framework of rock mechanics. The missing model parameter R is evaluated by means of reanalyses of two different series of tests performed by Aldea et al. ͑2000͒ and Oshita and Tanabe ͑2000͒ to study the dependency of the liquid permeability of concrete on the cracking process under various boundary conditions. From evaluation of both test series concerning the relation between the normalized permeability k/k 0 and the mechanical crack width w c , R was determined as R ϭ15.0. This value is within the upper range suggested for rock joints in Barton et al. ͑1985͒. Fig. 4 contains a comparison between the reported test data and the model results with respect to the relation between the normalized permeability k/k 0 and the crack width. A good quantitative correlation of analytical and experimental results is obtained.
In analogy to the smeared crack concept, in which the energy dissipated within discrete fracture planes is distributed within the respective finite element, the moisture flow along a single crack is accordingly distributed within the cracked element. Introducing the anisotropic damage permeability tensor k d
in Eq. ͑42͒, the tensor of isothermal liquid permeability for cracked concrete is rewritten in the form
This approach is based on an additive decomposition of the permeability tensor into two portions: One that is related to the moisture transport through the partially saturated pore space and one that is related to the moisture flux within a crack ͑Snow 1969͒. In Fauchet et al. ͑1991͒, a similar concept is used for the poroplastic analysis of concrete dams. It should be noted, that moisture flow perpendicular to the crack, i.e., drying of the surrounding matrix via open cracks, is implicitly represented ͑within the scale set by the finite-element discretization͒ in the model, since the moisture gradient in this direction increases with continuing drying of the crack. In Eq. ͑45͒, one single crack is considered to be open in the respective material point. In the finite-element analysis, ᐉ c is associated with the length of the cracked finite element. k d Ј is related to a local coordinate system xЈϪyЈ defined by the current crack direction with the crack normal nϵe x Ј . The transformation to global axes is accomplished by means of the rotation tensor T.
The relationship between the crack width w c and the damage state is established in the context of the smeared crack concept. A uniaxially stretched bar of length ᐉ c with a crack is taken as a conceptional model. The crack width w c is obtained as the difference between the total elongation w of the bar and the change of length w 0 of the intact ͑unloading͒ parts of the bar
with D(␣ R )(D 0 )ϭmacroscopic compliance modulus of the damaged ͑intact͒ material. Using Eq. ͑12͒ together with the constitu- tive law Eq. ͑3͒ 1 , the integration of Eq. ͑17͒ for an assumed uniaxial stress state across the crack yields the compliance modulus D(␣ R ) as ͑Meschke et al. 1998a͒
where ϭ␣ R /␣ R,u . From inserting Eq. ͑48͒ into Eq. ͑47͒, an expression of the crack width as a function of the internal variable ␣ R is obtained
Numerical Solution
The coupled system of mechanical deformation and moisture transport is characterized by the displacement field u and the capillary pressure p c together with a set of internal variables. The primary variables in the domain ⍀ are controlled by the balance of linear momentum and balance of liquid mass as
The related boundary and initial conditions on the boundary ⌫ are defined as "nϭt*, q"nϭq*, uϭu*, p c ϭp c *
and in the domain ⍀
where nϭnormal vector on the boundary surface; q*ϭliquid mass flux across the boundary; u*ϭprescribed displacements; and p c *ϭthe prescribed capillary pressure. The numerical solution is based on the weak formulations of the mechanical and the hygral field problem. The weak form of the balance of linear momentum Eq. ͑50͒ 1 together with the Neumann boundary condition ͑51͒ 1 yields
In the present implementation of the model, nϩ1 at the end of a time interval ͓t n ,t nϩ1 ͔ is obtained from semi-explicit integration of Eq. ͑7͒, computing b at t n . The weak form of the balance of liquid mass Eq. ͑50͒ 2 together with the respective Neumann boundary conditions ͑51͒ 2 is given as
with the liquid mass flux vector q according to Eq. ͑38͒. The finite-element method is used for the solution of the governing differential equations of the two-field problem. Discretization in space results in the following set of equations ͑Lewis and Schrefler 1998͒: in time in conjunction with a fully implicit integration scheme yields the following nonlinear system of coupled algebraic equations:
Eq. ͑57͒ is solved by means of a Newton-Raphson procedure, using a consistently linearized algorithmic tangent operator. As a consequence of its asymptotic quadratic convergence behavior, this procedure is highly effective for long-term simulations of concrete drying.
Numerical Example: Drying and Rewetting of a Concrete Wall
Restrained shrinkage is one of the major causes of damage in concrete structures. Typical examples are concrete walls which are prevented from shortening by connections to the base such as, e.g. water-retaining tanks fixed at the base by dowel connections. These structures often exhibit drying-induced vertical cracks in the vicinity of the base spaced at more or less regular intervals ͑Kaminetzky 2001͒. A numerical simulation of a concrete wall subjected to drying, restrained at the base by a nonshrinking foundation, is described in the next subsection, ''Uniform Drying,'' to demonstrate the capability of the proposed model to predict shrinkage-induced cracks. A similar numerical example has been recently investigated by van Zijl ͑1999͒ and van Zijl et al. ͑2001͒ . In these references, however, masonry walls subjected to restrained shrinkage were analyzed. In the second part of the numerical example, the rewetting of the cracked concrete wall from the base is simulated to illustrate the strong influence of cracks on the moisture transport properties. Fig. 5 shows the geometry of the investigated concrete wall. of ␤ is taken as a constant value ͑␤ϭ0.2͒, although, in principle, this value could depend on the degree of drying. The initial pore humidity and the initial porosity are specified as h 0 ϭ0.93 and 0 ϭ0.20. The relationship between the capillary pressure and the liquid saturation is assumed according to Eq. ͑37͒.
In the 2D analysis of the wall, performed by means of the multipurpose finite-element program M SC.M ARC, only one half of the concrete wall is discretized by 8,910 four-noded plane stress elements. A uniform humidity is assumed within the wall. Hence, microcracks resulting from hygral gradients in the direction of the wall thickness are not considered in this plane stress analysis. This simplified assumption is justified by the large surface exposed to the surrounding air and the small thickness of the wall, respectively. In contrast to van Zijl ͑1999͒ , no imperfection is employed to prescribe the location of a primary crack.
Uniform Drying
After application of an in-plane load taken as eight times the self-weight, the internal relative humidity is decreased from h 0 ϭ0.93 to hϭ0.65 within 4,100 incremental time steps. Fig. 6 illustrates the distribution of the scalar damage measure d due to the uniform drying of the concrete wall at hϭ0. 85, hϭ0.75, and hϭ0.65 . This scalar damage measure is defined as
⌳ max ϭlargest eigenvalue of D:C 0 with DϭC Ϫ1 as the degraded compliance tensor and C 0 ϭinitial elasticity tensor.
A first crack opens horizontally at both lower corners of the wall already at hϭ0.90. At hϭ0.85, skew cracks start to open in the vicinity of the crack process zone of the horizontal crack with an inclination of ϳ45°with respect to the base line. As the drying proceeds, these skew cracks continue to open, while additional cracks start to open along the bottom of the slab, characterized by a larger angle approaching an angle of 90°as the cracks approach the center of the slab. Since no primary crack is triggered, a more or less equidistant distribution of primary cracks is obtained within the central portion of the slab.
Rewetting at the Base of the Wall
To illustrate the influence of cracking on the moisture transport, subsequent to the drying process, the internal relative humidity is increased again to h*ϭ0.90 along the base of the concrete wall in the second part of the numerical simulation. Fig. 7 shows the moisture distribution after 1, 5, and 25 years, respectively. The considerable influence of existing cracks on the moisture transport is illustrated.
Conclusions
In the paper, a hygromechanical finite-element model for numerical analyses of structures made of cement-based materials such as concrete, subjected to external loading and to changing moisture conditions, e.g. to drying, was proposed. The fully coupled model was formulated within the framework of thermomechanics of partially saturated porous media, extended by consideration of material damage. From comparing quantities on the meso-and macrolevels, the hygromechanical coupling coefficients were identified. The opening and propagation of cracks was represented by means of an elastoplastic damage model, taking both the anisotropic degradation of the stiffness as well as inelastic deformations into account. A strength criterion defined in the space of plastic effective stresses allows for the prediction of shrinkage induced cracks. The influence of the porosity and of the opening of cracks on the moisture transport was also accounted for by an isothermal liquid permeability decomposed into portions related to the moisture transport through the partially saturated pore space and to the moisture flux within a crack, respectively.
It was shown that the proposed two-field finite-element model is capable of describing drying-induced cracking in concrete structures. Hence, it allows one to consider structural effects of drying shrinkage, connected with the cracking of the concrete skin, which partially explains the phenomenon of drying creep. Implicitly, the dependence of the strength of concrete on the internal relative humidity is also taken into account. Furthermore, it was demonstrated that the strong influence of cracks on the moisture transport is well replicated by the model.
